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Malaria is a major health threat to approximately 3.2 billion people around the world with an estimated 0.8-1.2 million deaths due to malaria each year. 1 There is currently no licensed malaria vaccine and available drugs, including artemisinin combination therapies (ACTs), are becoming less effective due to parasite resistance and clinical treatment failure. [2] [3] [4] [5] [6] [7] Despite the severity of this problem no new chemical class (chemotype) of antimalarial drug has been approved for use since 1996. 8 This alarming situation is driving efforts to discover and develop new chemotypes as antimalarial drugs. 9 In this study we focus on primary benzene sulfonamides as a potential new antimalarial chemotype. In a recent study of a small library of primary benzene sulfonamides several compounds were identified as having an in vitro IC 50 of ~1 M against Plasmodium falciparum malaria parasites. 10, 11 Despite this moderate in vitro activity against whole parasites, The sulfonamide functional group has an impressive pharmaceutical pedigree with a proven track record of efficacy and safety. Over 100 sulfonamide-containing drugs are currently on the market across a range of therapeutic areas. 12 These compounds differ in almost every aspect related to drug-like properties, with no common link except the sulfonamide group within their structure.
While some 'antibacterial sulfonamides' developed in the 1930s were toxic, an effect historically and incorrectly associated with the primary sulfonamide group (the 'sulfa allergy'), this toxicity is now correctly attributed to the aniline function of these antibacterials and not the sulfonamide group, however the legacy of this misguided connection unfortunately remains. 12 In terms of malaria, the antimalarial drug sulfadoxine, which is used clinically in combination with pyrimethamine, contains a secondary sulfonamide functional group as well as the aniline toxicophore ( Figure 2 ). Secondary sulfonamides are substituted on the sulfonamide nitrogen contrary to primary sulfonamides, making them structurally different in terms of interactions with potential protein targets, to the extent that primary sulfonamides are a distinct class of compound.
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Figure 2. The antimalarial drug sulfadoxine comprises an aniline toxicophore (red) and a secondary sulfonamide group (blue). The secondary sulfonamide chemotype is a distinct structural class from the primary sulfonamide chemotype under investigation in this study.
In this study we examined the in vitro antimalarial efficacy of a panel of primary sulfonamide compounds (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) and compared their activity to control compounds where the sulfonamide is replaced by hydrogen (1-10). Our aim was to build antimalarial structure-activity and structureproperty relationships (SAR and SPR) around the primary benzene sulfonamide compound class.
We have recently reported the synthesis of S-linked glucose moieties tethered to a Ph-SO 2 NH 2 fragment (compounds 1-8, 11-14; Figure 3 ). 14 The new compounds of the present study include 9 To determine the in vitro antimalarial activity of primary sulfonamide compounds 1-14, a radiometric growth inhibition assay was employed using a chloroquine-sensitive (3D7) and chloroquine-resistant (Dd2) P. falciparum malaria parasite line (Table 1) . A similar SAR trend was observed for both parasite lines. Compounds 2, 5 and 6 displayed no activity at the highest concentration tested (50 µM), while a further five compounds displayed only modest activity with IC 50 values between ~5 and 50 µM (7, 9, 13, 8 and 1). Six compounds had IC 50 values less than 6 µM (3, 4, 11, 12, 14 and 10), with the compounds 3 and 4 having the best activity (IC 50 s ~1-2 µM; Table 1 ). These glucoconjugate compounds incorporate a range of variable structural features, Next, to examine the effect of the sulfonamide group on in vitro antimalarial activity, P. falciparum IC 50 values were compared for ten compounds comprising S-linked (1) (2) (3) (4) (5) (6) (7) (8) and O-linked (9) (10) carbohydrate moieties tethered to a Ph-SO 2 NH 2 fragment and ten matched control compounds lacking the sulfonamide group (replaced by a hydrogen atom, Z = H) (1-10) ( Table 1) . Four compounds (3, 4, 10, and 9) had IC 50 values ~4-5 fold higher when the sulfonamide group was removed (Table 1 ). In contrast, compound 7 showed little difference in IC 50 compared to the corresponding sulfonamide-lacking analogue 7. Compound 8 was the only compound to have improved activity when the sulfonamide group was removed, with a ~7-fold lower IC 50 than the sulfonamide-containing partner 8. The effect of removing the sulfonamide group on compounds 2, 5 and 6 was not assessed as these compounds and their non-sulfonamide partners all had low biological activity against P. falciparum (Table 1) .
To assess whether the antimalarial activity of primary sulfonamides examined in this study was selective for the parasite, a cell-based assay using a normal mammalian cell line (neonatal foreskin fibroblast (NFF) cells) was carried out on all primary sulfonamide compounds displaying a P.
falciparum IC 50 ≤5 µM ( Table 1) . Six of the seven tested compounds 4, 11, 12, 14, 10 and 7 all had IC 50 values >100 µM (the highest concentration tested), while compound 3 gave an IC 50 51.1 (±2. 8) µM. The calculated selectivity indices (SI; NFF IC 50 /P. falciparum IC 50 ) were ≥~40 for the two most potent antimalarial compounds (3 and 4). While this is significantly lower than the SI of >1,000 seen for the potent antimalarial drug chloroquine (Table 1) , the lack of generic cytotoxicity is promising for lead-like antimalarial compounds. corresponding analogues lacking the sulfonamide group (Z = H) against P. falciparum line 3D7 for 3-6 independent experiments (compound 1, n=2), each carried out in triplicate wells; Mean IC 50 against normal NFF cells for two independent experiments, each carried out in triplicate wells; nd -not determined, ns -not synthesised; Glc -glucose; Gal -galactose; Mal -maltose; CQ, chloroquine.
Physicochemical property parameter values for the compounds of this study provide a guide to correlate and rationalise SPR with the SAR identified. Log P represents intrinsic lipophilicity and compounds with Log P < 0 typically have good solubility but poor lipid bilayer permeability. 16 The use of software tools to calculate LogP (cLogP) is routine to provide rapid and accurate predictions when used with an awareness of limitations of the software. [16] [17] [18] This relationship correlates well with the poorer activity of the compounds where X = SO 2 as all have a calculated Log P (cLog P)
value less than 0, and values lower (by ~1) than the corresponding compound where X = S. In summary, lead antimalarial compounds should possess appropriate pharmacological and toxicological characteristics as well as tractable preparation to enable successful development targeting both drug-sensitive and drug-resistant parasite lines. Several compounds of this study fulfill these basic requirements, most notably primary benzene sulfonamide compounds 3 and 4. In addition, our SAR studies support the role of the primary benzene sulfonamide chemotype on these compounds as conferring antimalarial activity. While promising lead-like compounds have been identified in this study, it is also evident that improving the membrane permeability and other biopharmaceutical parameters for these compounds will be important in future development of compounds for oral delivery with improved potency and selectivity. While the target for these compounds in the parasite is not yet known, the malaria parasite CA is possible candidate. Many primary sulfonamide compounds are known to target CA enzyme activity. CA enzymes maintain an important physiological equilibrium: the hydration of carbon dioxide (CO 2 ) to bicarbonate anion (HCO 3 -) and a proton (H + ). 23 Targeted inhibition of specific human CA isozymes to disrupt this equilibrium has successfully treated several human pathologies. 23 The primary sulfonamide moiety is in the structure of drugs where the mechanism of action is attributed to CA inhibition. 23 The CAs from Helicobacter pylori, Candida albicans, Candida glabrata, Cryptococcus neoformans and Brucella suis are essential for pathogen growth and have proven susceptible to inhibition with several compound classes including primary sulfonamide compounds. 24 CAs from these pathogens are now recognised as potential anti-infective drug targets. 24 The malaria parasite CA (PfCA) was shown to be inhibited by 4-(3,4-dichlorophenylureido)thioureido-benzenesulfonamide (K i = 0.18 M, Figure 1 ), and is a putative target of antimalarial primary sulfonamide compounds described herein. 10 We are currently working to express P. falciparum CA to further investigate this hypothesis. Our findings provide a platform to support the further evaluation and development of primary benzene sulfonamides for discovery of novel chemotypes supporting antimalarial drug development. Once characterised these molecules may also provide specific probes to further aid identification of the target of these compounds in the parasite.
Supplementary Material: Experimental details for synthetic procedures and biological methods, 1 H and 13 C NMR spectra of new compounds and predicted physicochemical properties of all compounds.
